Abstract A single high-fat challenge induces plasmatic pro-inflammatory and pro-oxidative responses in the postprandial state, even in healthy men. This period is also associated with vascular endothelial dysfunction, which is an early event in the development of cardiovascular diseases. However, knowledge about the mechanisms involved in postprandial hyperlipaemia-induced endothelial dysfunction is sparse. An objective of our study was to characterize the behaviour and gene expression of vascular endothelial cells exposed to postprandial hyperlipaemic sera. Human umbilical vein endothelial cells (HUVECs) were cultured in media containing 10% serum from healthy men withdrawn either before or 4 h after a high-fat challenge. Endothelial cell proliferation, adhesion and migration were then assessed. The transcriptomic profiles of endothelial cells exposed to pre and postprandial sera were also compared. Exposure to postprandial hyperlipaemic sera significantly decreased HUVEC proliferation when compared to preprandial serum (P \ 0.0001), while no changes in migration or endothelial/monocyte interactions were observed. The transcriptomic analysis revealed changes in the expression of 675 genes, of which 431 have a known function. Among them, a set of differentially expressed genes was linked to cell cycle regulation and apoptosis and are regulated in favour of cell cycle arrest or death. This result was confirmed by measuring the induction of apoptosis after postprandial sera exposure (P = 0.011). Taken together, the transcriptomic results and pathway analysis showed that postprandial serum promotes apoptosis in HUVECs, potentially through the activation of the p53 network. We conclude that upon postprandial serum exposure, vascular endothelial cells transcriptionally regulate genes involved in the control of cell cycle and death to favour growth arrest and apoptosis. These findings support the hypothesis that postprandial hyperlipaemia is associated with vascular dysfunction and offer new insights into the mechanisms involved.
Introduction
Since the early report of Zilversmit [45] , the postprandial increase in blood lipids, and triacylglycerol-rich lipoproteins in particular, has been proposed to play a causal role in the aetiology of cardiovascular disease. Indeed, human studies have shown that a transient increase in blood triacylglycerol and fatty acid concentrations impairs endothelium-dependent vasodilation, which is an early event in atherogenesis [16] , in healthy subjects [8] . Postprandial lipaemia has also been associated with elevated concentrations of circulating Electronic supplementary material The online version of this article (doi:10.1007/s12263-010-0166-x) contains supplementary material, which is available to authorized users.
pro-inflammatory and pro-oxidative molecules such as tumour necrosis factor-alpha, interleukin-6, interleukin-8 and nitrotyrosine [5] . Based on these data, postprandial vascular dysfunction has been proposed to be mediated by inflammation and oxidative stress [5, 28] , but the exact mechanisms remain unclear.
Recent studies using transcriptomic approaches have identified new signalling pathways and genomic signatures of atherosclerotic plaques [27, 34] . For this purpose, samples of aortic tissues and atherosclerotic plaques collected from patients and transcriptomic analysis of different stages of atheroma progression have been performed [14, 20, 31, 34] . Among the wide genomic studies found in theses studies, atherosclerotic progression was shown to be associated with the differential expression of genes involved in cell proliferation, adhesion, chemotaxis and in the organization of the cytoskeleton. These results are a significant resource for the identification of new biosignatures and new signalling pathways important in the development of cardiovascular diseases. Recently, Volger et al. [40] reported a transcriptomic study of endothelium from human large arteries isolated by laser microdissection in early and advanced stages of atherosclerosis. They showed a particular enrichment of distinct sets of chemokines and nuclear factor-kB-, p53-and transforming growth factor-b-related genes in advanced plaques. This study also revealed a broad distinction between the genomic profiles of the early and advanced stages, as shown by others in whole atherosclerotic plaques [20] . The results suggest that different stages of atheroma progression have specific transcriptomic profiles.
As postprandial hyperlipaemia-associated endothelial dysfunction could be considered a very early stage in the pathogenesis of vascular disease, we set out to establish the genomic profiles of vascular endothelial cells exposed to postprandial sera. Given the challenges of obtaining human arterial tissues, we performed an ex vivo study. To this purpose, we exposed human umbilical vein endothelial cells (HUVECs) to media containing the sera from healthy men withdrawn either before or 4 h after a high-fat challenge. Cellular proliferation, adhesion and migration were then assessed. The transcriptomes of endothelial cells exposed to pre and postprandial sera from each individual were compared in a pair-wise manner, thus limiting genetic and environmental confounders.
Materials and methods

Study design
The study group consisted of seven healthy normolipaemic, non-smoking males. All volunteers had normal physical examinations without any medical history of digestive, renal, cardiovascular, endocrine or chronic diseases. The physical characteristics of the subjects were (mean ± SD) age (year) 49.3 ± 7.6; body weight (kg) 73.9 ± 9.4; BMI (kg/m 2 ) 25.0 ± 2.8; cholesterolaemia (mmol/l) 5.15 ± 0.52 and triacylglycerolaemia (mmol/l) 0.84 ± 0.22. The purpose and potential risks of the study were explained to all subjects, and their written consent was obtained before participation. The study was carried out in accordance with the guidelines of the Declaration of Helsinki after approval by the Ethics Committee of the Auvergne area. After an overnight fast of at least 12 h, blood was withdrawn in the morning (baseline, 0 h). Blood samples were collected into 6-ml EDTA-containing Vacutainer tubes. After centrifugation (4,000 rpm, 5 min, 20°C), plasma was collected, divided into aliquots (250 ll) and immediately frozen at -80°C. For the sera, blood was collected in 7-ml Vacutainer glass serum tubes, placed for 1 h at room temperature, centrifuged (4,000 rpm, 15 min, 20°C) and divided into aliquots. The volunteers then received an oral fat challenge consisting of fresh cream (total lipid content 42 g/100 wet wt., with the percentage composition SFA/MUFA/PUFA of about 68/29/3) 50 g fat per 1 m 2 of body surface. Body surface area was used because it is less affected by abnormal adipose mass and thus represents a better indicator of metabolic mass than body weight. The body surface area was calculated with the Dubois and Dubois formula [11] . Consumption of the cream was completed within 15 min from the first (baseline, 0 h) blood withdrawal. Plasma and serum samples were withdrawn 2, 4, 6 and 8 h after the cream was consumed. The volunteers abstained from consuming any food and drinks except water during this 8-h period.
Cell culture, proliferation, adhesion, migration and cell death HUVECs were cultured in M199 containing 10% foetal calf serum, endothelial cell growth supplement (ECGS) (150 lg/ml) and heparin (5 U/ml) on 2% gelatin-coated dishes. In all of the experiments, the cells were seeded in growth medium. After 24 h, the medium was changed in order to expose the cells to a medium containing 10% of human pre or postprandial serum instead of 10% foetal calf serum. Proliferation assays were performed on HUVECs at low density (7,500/cm 2 ), cultured in a medium containing 10% human serum. After 4 days, the cells were trypsinized, stained with trypan blue solution (0.4%) and the viable cells were counted using a Burker chamber. All experiments were repeated at least four times for both pre and postprandial conditions for all volunteers. Migration of HUVECs cultured in the presence of pre or postprandial sera was determined using an in vitro model of wound repair as previously described [15] . Briefly, confluent endothelial cells were wounded and treated with hepatocyte growth factor (HGF) (20 ng/ml) for 18 h. The number of cells migrating from the wound origin was counted with a light microscope at 1009 magnification using a grid. The adhesion assay was performed according to Maier et al. [24] at least three times for both conditions and for each volunteer. Finally, apoptosis was assessed with the Cell Death Detection ELISAPLUS Kit (Roche, Mannheim, Germany), which qualitatively and quantitatively detects the amount of cleaved DNA/histone complexes (nucleosomes) using a sandwich enzyme immunoassay-based method. To this purpose, the cells were cultured in the presence of postprandial sera for 4 days. TNF-a (50 ng/ml) was used as a positive control. Statistical analysis was carried out using SAS software (Version 8.1, SAS Institute Inc., Cary, NC, USA). For cellular proliferation, migration and adhesion assays, the statistical significance of the differences between means was assessed using the Student's t-test (threshold 0.05). The results of the statistical analyses are expressed as means ± SEM.
Biochemical measurements
Cholesterol and triacylglycerol concentrations were determined enzymatically using commercial kits from BioMerieux (Charbonnières-les-Bains, France). Free fatty acids in the plasma of volunteers were measured with a kit from Wako (NEFA-C kit Unipath, Dardilly, France). The data were analysed using one-way repeated measures ANOVA. A P value of \0.05 was considered statistically significant.
Microarray procedure
For the microarray study, total RNA was extracted from cells exposed to pre or postprandial serum for 4 h from five of the seven volunteers (chosen randomly). Cultured cells were preserved in RNAlater (Sigma, Steiheim, Germany) and frozen at -20°C to maintain RNA integrity until the RNA was extracted. Total RNA was extracted using the RNeasy Kit (Qiagen, Courtaboeuf, France) as recommended by the manufacturer. Ten total RNA extractions were performed with cells exposed to the pre and postprandial sera for each of the five volunteers. Subsequently, RNA concentrations were assessed spectrophotometrically (260/280 absorbance ratios), and RNA quality was determined by gel electrophoresis.
The dye-swap design approach was used in the microarray study, meaning that pre and postprandial seraexposed cells were labelled in the complement colours and hybridized on the same slide, and then inversely coloured on the second slide. This dye-swap approach eliminates artefacts that result from using different dyes in the experimental and control samples. Thus, ten microarray hybridizations were completed in order to compare the transcriptomic profiles of cells exposed to postprandial sera and preprandial sera from the five volunteers. Five micrograms of total RNA were used to synthesize fluorescently labelled cDNA using the Pronto ChipShot TM Direct Labelling Kit (Corning, Avon, France) according to the manufacturer's protocol. After purification, the quantity and labelling efficiency of the procedure were determined by quantitating the absorbance at 260, 550 and 650 nm using a Lambda 25 UV/VIS spectrometer (Perkin Elmer Instruments, Courtaboeuf, France). Hybridization was performed with a Pronto! TM Universal Microarray Hybridization Kit as recommended by the manufacturer. Briefly, arrays were pretreated (in pre-soak and prehybridization buffers), washed and dried by centrifugation at 500 rpm. Labelled cDNAs were dissolved in Pronto! TM Long Oligo/cDNA Hybridization Solution. Hybridizations were conducted on the RNG/MRC 25 k human oligonucleotides microarray [22] . After heating to 95°C for 5 min and then cooling at room temperature, the mixture was applied to the slides, covered by a coverslip and incubated for 14 h at 42°C. The slides were subsequently washed and dried by centrifugation at 500 rpm. The 10 slides (for a total of five independent comparisons) were scanned for both dye channels with an Affymetrix 428 Array Scanner (MWG Biotech, Roissy, France).
Microarray image and statistical analyses
The signal and background intensity values for each spot in both channels were obtained using ImaGene 6.0 software (Biodiscovery, Inc., Proteigene, Saint Marcel, France). Data were filtered using the ImaGene ''empty spot'' option, which automatically flags low-expressed and missing spots in order to remove them from the analyses. After log base 2 transformation, data were corrected for systemic dye bias by Lowess normalization using GeneSight 4.1 software (BioDiscovery, Inc, Proteigene, Saint Marcel, France). Ratios of the signal of postprandial cells compared to preprandial cells from the same volunteers were obtained and filtered according to their variability among the five comparisons. Statistical analyses were performed using the free R 2.1 software (http://www.r-project.org). Log ratios were analysed with an ANOVA model and a standard Student's t-test in order to detect differentially expressed genes between the two nutritional conditions. Probability values were adjusted using the Bonferroni correction for multiple testing at 1% to eliminate false positives. Genes identified by these criteria and with a ratio greater than 1.15 or less than 0.87 (1/1.15) are referred to as the ''differentially expressed genes''. Differentially expressed genes were first annotated using the online software, DAVID [9] . They were further classified according their Gene Ontology annotation using the online Babelomics tools [1] . Pathway analysis was performed using MetaCore version 3.2 (GeneGo Inc., St Joseph, MI, USA). MetaCoreTM is based on a proprietary manually curated database of human protein-protein, protein-DNA and protein compound interactions, metabolic and signalling pathways and the effects of bioactive molecules in gene expression.
Results
Baseline fasting plasma cholesterol, triacylglycerol and free fatty acid concentrations were 6.03 mmol/l ± 0.43, 0.75 mmol/l ± 0.18 and 0.41 mmol/l ± 0.15, respectively. After the oral fat challenge, the plasma triacylglycerol and free fatty acid concentrations peaked at 4 h (P \ 0.01) to gradually return to the baseline within 8 h (Fig. 1) . We did not observe a statistically significant influence of fat ingestion on plasma cholesterol levels ( Fig. 1 ) nor glucose level (data not shown). Since plasma free fatty acids and triacylglycerols peaked at 4 h, we selected times 0 h (t0) and 4 h (t4) to study the behavioural and genomic response of HUVECs to postprandial hyperlipaemic sera. HUVECs were exposed to media containing 10% sera withdrawn at t0 or t4, and cell proliferation, adhesion and migration were then compared. Of the parameters measured, only cell proliferation was significantly affected. Indeed, exposure of the cells to postprandial hyperlipaemic sera caused a decrease in cell proliferation when compared to preprandial sera ( Fig. 2) (P \ 0.0001). Differential gene expression profiles were generated from the RNA extracted from HUVECs exposed to pre and postprandial sera from five healthy men. The comparison of the transcriptomes of HUVECs exposed to pre and postprandial sera led to the identification of 675 differentially expressed genes. Specifically, 338 genes were shown to be upregulated, and 337 genes were downregulated in the postprandial versus the preprandial condition. Among these differentially expressed genes, 431 have a known function, as revealed by ontological analyses (not shown). Ontological analyses of the results revealed that many differentially expressed genes are linked to apoptosis, cell cycle, lipid metabolism and immune and inflammatory responses. These genes are presented in Tables 1 and 2 . Moreover, a great number of the differentially expressed genes have calcium ion binding capabilities ( Table 3 ). As it may be possible that these genes are regulated in response to changes in intracellular calcium levels, we also present the differentially expressed genes linked to calcium-associated biological process and with ion channel activity in Table 3 . Finally, using bioinformatics analysis (MetaCore) we identified the 10 master regulators potentially involved in the genomic regulation of gene expression in HUVECs exposed to pre and postprandial sera (Table 4) . Among these, hepatocyte nuclear factor 4-alpha (HNF-4a) is the most likely to be involved in the postprandial response, as 78 genes in the set of differentially expressed genes are a target of this transcription factor. Finally, in order to confirm the apoptotic phenotype suggested by the transcriptomic results, we repeated the ex vivo experiment and measured apoptosis in the cells. We found an increase in cell death in the HUVECs exposed to postprandial sera compared to those exposed to preprandial sera (P = 0.011) (Fig. 3 ).
Discussion
Consistent with previous studies [37] [38] [39] , we found that plasmatic triacylglycerols and free fatty acids increased in plasma after a high-fat challenge in healthy men, and peaked 4 h after fat consumption (Fig. 1) . In these studies, postprandial hyperlipaemia was shown to be associated with a general metabolic stress, characterized by the rise in oxidative stress and endothelial dysfunction. Pro-inflammatory cytokine concentrations have also been shown to be elevated during the postprandial period (4). Thus, postprandial blood after fat ingestion could be considered a mixture of molecules with the capacity to either activate or impair the functions of the endothelium, thus leading to vascular dysfunction. To study the influence of fat ingestion on vascular endothelial cells, we exposed HUVECs to sera withdrawn either before or 4 h after the fat challenge. HUVEC responses were then explored by evaluating: (1) proliferation, migration and endothelial/monocyte interactions and (2) modulation of gene expression as measured by transcriptomic analysis.
The first major finding of this study is the observation that HUVEC proliferation decreases (approximately 30%) when exposed to postprandial hyperlipaemic sera (Fig. 2) . To our knowledge, this is the first time that the HUVEC response to lipaemic sera has been studied. Previously, the response of HUVECs to different isolated pro-atherogenic molecules, such as oxidized LDL, has been explored. Seibold et al. [32] showed that oxidized LDL leads to either cell proliferation or apoptotic cell death, depending on the lipoprotein concentration. Other known pathogenic factors of atherosclerosis, such as oxygen-free radicals or pro-inflammatory cytokines, which are elevated in plasma during the postprandial hyperlipaemic period [5] , induce programmed cellular death in endothelial cells [10] . In our study, the decreased cell number after exposure to hyperlipaemic sera was partly due to the induction of apoptosis.
Another major finding of our work is the demonstration of the modulation of genes linked to cell cycle control and the promotion of apoptosis (Table 1) . Indeed, genes coding for pro-apoptotic proteins (chk2, bbc3, rassf5, crebbp, cdkn2c and bcl3) were upregulated and genes coding for anti-apoptotic and checkpoint proteins were downregulated (cdc6, cdc34, cdc26, bcl2l1, gstp1) in HUVECs exposed to postprandial versus preprandial sera. Among these genes, chk2 encodes a protein that has the capacity to phosphorylate and, consequently, activate p53 [6] . p53 is a nuclear receptor that affects cellular functions that include transcription, DNA synthesis and repair, cell cycle arrest, senescence and apoptosis [44] . The CREB-binding protein gene, crebbp, a transcriptional co-activator that has the capacity to stimulate p53 transcriptional activity, is also overexpressed in HUVECs after hyperlipaemic serum exposure. The gene, bbc3 (bcl2-binding component 3, also known as puma) was also found to be upregulated by the transcriptomic analysis and is an essential mediator of p53-induced apoptosis [42] . Thus, the concomitant upregulation of crebbp, chk2 and bbc3 suggests that p53 activation occurs in HUVECs exposed to postprandial hyperlipaemic sera. This hypothesis is also supported by the identification of p53 as one of the three major transcription factors by the bioinformatics analysis performed with MetaCore (Table 4) . Furthermore, the pathway analysis also reveals the potential implications of other regulators, such as c-Myc, which mediates p53 signal transduction [17] , or c-jun/AP-1, which is implicated in the control of p53 activation [2] . Other genes involved in the induction of apoptosis are upregulated after high-fat serum exposure. Among them, rassf5 (also known as nore1) encodes a specific effector that regulates the pro-apoptotic action of the oncogenic Ras protein [7] . Our transcriptome analysis suggests that various cell death pathways are upregulated. Finally, microarray analysis reveals that checkpoint proteins, such as cdc6, cdc34, cdc26 and gstp1, are transcriptionally downregulated in the postprandial condition. Among them, the Cdc6 protein is an essential component of pre-replication complexes, which assemble at the origins of DNA replication during the G1 phase of the cell cycle [3] . Cdc6 stability is also controlled by the p53 pathway [12] . Overall, our results show that postprandial serum induces gene expression modifications in genes that are involved in the control of cell cycle and death to favour growth arrest and apoptosis in vascular endothelial cells.
Taken together, our results show that postprandial hyperlipaemic sera can induce stress and/or impair HUVEC function leading to apoptosis. This outcome could be ascribed to pro-oxidant molecules or to the cytokine, TNF-a, which can both induce apoptosis in HUVECs [10] and have been showed to be elevated in plasma after a highfat challenge in healthy men [28] . Alternatively, the apoptosis of HUVECs could be due to low levels of growth and survival factors in postprandial sera. Indeed, cellular survival is dependent upon the availability of growth factors that can inhibit intrinsic programmed cell death. Among these growth factors, interleukin-3 (IL-3) and placental growth (PlGF) factor are transcriptionally downregulated in our study (Table 2 ). IL-3 has been showed to inhibit apoptosis through the activation of different signalling pathways [19, 35] and can induce vascular endothelial cell proliferation in vitro [4] . PlGF, a member of the VEGF family, is angiogenic and promotes endothelial cell proliferation in vitro [30] . Therefore, the inhibition of HUVEC proliferation observed in this study could be mediated, at least in part, by the downregulation of IL-3 or PlGF. Intracellular concentrations of potassium and calcium ions also play an important role in apoptosis [21, 26] . The microarray analysis of vascular endothelial cells exposed to pre or postprandial sera indicates the importance of a set of genes associated with calcium-dependent biological processes, calcium ion binding capacity or ion channel activity (Table 3) . Suicidal cell death involves and requires the activation of potassium and calcium channels [21] . Indeed, increased levels of calcium may lead to the activation of Ca 2? -dependent kinases or phosphatases or could lead to the increased release of cytochrome c, thus resulting in the activation of the apoptotic pathway [21, 26] . Moreover, cellular loss of potassium favours apoptosis in a wide variety of cells. Thus, the transcriptomic regulation of genes linked to the control of intracellular ion concentrations could also explain the induction of apoptosis in HUVECs exposed to postprandial serum.
Among the 431 regulated genes with a known function, 23 are linked to lipid-related biological processes (Table 2) . Some genes implicated in fatty acid degradation, including acads and acadm, which are involved in the breakdown of fatty acids and hmgcs2, which is involved in ketone body production from fatty acids, were found to be upregulated in the postprandial condition. These results are consistent with a metabolic response activated by HUVECs in response to the elevation of lipid uptake during fatty sera exposure. Other genes involved in bile acid and drug detoxification are regulated in HUVECs after hyperlipaemic serum exposure. These genes include cyp3a5, cyp1b1 and cyp7b1 and abcc11, abcg1 and abca8. Interestingly, cytochrome P450 (CYP) [23] and ATP-binding cassette (ABC) transporters have already been implicated in cardiovascular disease [29] ; however, their pathological involvements are not clear. The genes coding for drug and bile acid transporters and CYP enzymes are generally regulated by the nuclear receptors FXR, PXR, CAR and HNF-4a through complex and overlapping regulatory networks [13, 25] . Among theses regulators, FXR (fxr1) and PXR (nr1i2) were found to be upregulated in the present study (Table 2) . Furthermore, special attention should be paid to HNF-4a regulation in our genomic study. This transcription factor was identified by MetaCore pathway analysis as the key regulator of gene expression (Table 4) . HNF-4a potentially regulates 78 of the genes differentially Response to stress
Regulation of programmed cell death
Transcription factors identified by MetaCore are presented. Transcription factors are organized by a major biological process in which they are involved, P value assigned by MetaCore, number of genes present in the array that they potentially regulate and examples of these genes expressed in our study. HNF-4a was first identified in the liver, where it regulates the expression of a broad number of genes involved in several different functions, including energy metabolism, xenobiotic detoxification, bile acid synthesis, serum protein production and intracellular lipid control [41] . The transcriptional activity of HNF-4a transcriptional activity may be modulated by the binding of fatty acyl-CoA thioesters, fatty acyl CoA or fatty acids [18] . Gene knockout studies of hnf-4a have demonstrated its role in controlling PXR expression [41] . Moreover, coactivation of HNF-4a and PPAR-c has been linked to the increase in fxr mRNA levels during fasting that results in the reduction of triglyceride production and secretion and fatty acid b-oxidation [43] . In our study, HNF-4a may represent a major regulator of the HUVEC metabolic response to postprandial hyperlipaemia, partially through its capacity to upregulate fxr and pxr expression. Taken together, our results show that postprandial hyperlipaemia induces an apoptotic phenotype in vascular endothelial cells. Indeed, postprandial hyperlipaemic serum induces (1) a decrease in HUVEC proliferation, (2) the transcriptional regulation of major cell death-associated genes and (3) elevation of the amount of cleaved nucleosomes. This phenotype could be partially mediated by prooxidant or pro-inflammatory molecules previously shown to be elevated in plasma during the postprandial period following a high-fat challenge in healthy men. A link between endothelial apoptosis and the pathology of atherosclerosis has been previously suggested [36] . Apoptotic endothelial cells have been detected on the luminal surface of atherosclerotic coronary vessels, but not in normal vessels [36] . Endothelial apoptosis in an atherosclerotic lesion may lead to the exposure of collagen fibres. Importantly, apoptosis is suggested to play an important role in the rupture of the plaque and in thrombus formation. In conclusion, our findings support the hypothesis that postprandial hyperlipaemia is associated with an endothelial dysfunction that promotes atherogenesis.
